Fluid injections into the deep subsurface can, at times, generate earthquakes, but often, they only produce aseismic deformations. Here we analyze the influence of fault hydromechanical properties on the growth of injection-induced aseismic slip. Using hydromechanical modeling, we show how permeability enhancement in addition to the background stress and frictional weakening has an important effect on the pressure diffusion and slip growth during injection. We find that the more pronounced the fault permeability enhancement, the stronger is the growth of the aseismic slip zone. The effect of enhanced permeability is more pronounced when the fault is initially close to failure. Our results show that aseismic slip grows beyond the pressurized zone when the fault permeability increases, while slip remains behind the pressurized zone when permeability does not vary from its initial preslip value. Thus, fault permeability increases should be considered as complementary mechanism to current models of fluid-induced aseismic slip.
Introduction
During underground fluid injections, observations of measurable seismic events are generally explained by a direct response to the fluid pressure diffusion in a permeable fractured rock or a fault zone (Ellsworth, 2013; Keranen et al., 2014) . Elevated fluid pressure can, indeed, lead to slip reactivation on preexisting fractures and faults when the Coulomb failure point is reached. Typically, the observed seismicity develops as a spatially expanding cloud around the injection zone. Sometimes, a quiet zone appears near the injection location once it has been subject to local reactivation, while the observed seismicity (and the injected fluids) continues to migrate away from the injection (Baisch et al., 2010) . Interestingly, geothermal stimulations often show that the most energetic events occur during the phase of hydraulic unloading and at the spatial limit of the seismic cloud (Zang et al., 2014) . During injection, earthquakes can also occur beyond the target reservoir both by poroelastic stressing (Goebel et al., 2016 (Goebel et al., , 2017 and earthquake interactions (Catalli et al., 2016; Schoenball & Ellsworth, 2017) .
However, fluid injections do not always generate earthquakes. Quite frequently, fluid injections result in aseismic slip, propagating slowly without any measurable seismic activity (Cornet, 2016; Duboeuf et al., 2017; Lengliné et al., 2017; Wei et al., 2015) . Such aseismic slip can weaken the fault, which, in turn, may fail later in a larger earthquake. This process therefore provides an alternative mechanism for triggering and driving injection-induced seismicity Wei et al., 2015) . Understanding the growth of such aseismic slip is thus crucial to better assess the induced seismicity hazard.
Furthermore, experimental studies indicate that the simultaneous changes in hydraulic diffusivity and friction during fluid injection influence the fault slip modes, aseismic or seismic, upon fault reactivation Scuderi et al., 2017; Scuderi & Collettini, 2016) . Therefore, understanding how the hydraulic and frictional properties of a fault evolve during fluid injection is crucial in predicting its slip behavior and the spatial extent of slip relative to the pressurized zone.
In this study, we focus on injection-induced "aseismic" slip and, in particular, how the enhancement of fault permeability influences the growth of slip. To unravel potential controls on aseismic slip, we first revisit the evolution of fault permeability associated with aseismic deformations observed during an in situ experiment of fluid injection into a densely instrumented fault in a carbonate formation . Second, we conduct coupled hydromechanical simulations of fluid injection in a single planar fault under stress and fluid pressure conditions similar to those found in the in situ experiment. We focus on the effect of the change in fault permeability for different initial stress conditions and friction laws to elucidate how this may affect the growth of aseismic slip. have previously shown that the observation of fault displacements during fluid injection implies that permeability varies in close relation to the evolution of fluid pressure. Their paper describes a controlled injection experiment conducted at 282-m depth into a natural fault (slip offset of a few meters) in a carbonate formation, with a simultaneous monitoring of fluid pressure, flow rate, and fault deformation at the injection location, as well as seismicity monitored nearby (Figure 1 ). Based on this data set, and determined the evolution of fault permeability using a hydromechanical model calibrated to both the fluid pressure and flow rate measured at the injection location. The model assumes that the perturbations in fluid pressure result in lateral diffusion along the fault from the injection. Thus, the model represents pressure and permeability gradients that decrease at larger distances from the injection. In the model, the calculated permeability k (m 2 ) is expressed in terms of hydraulic aperture b h (m) based on the cubic law (Witherspoon et al., 1980) , which links the change in fluid pressure ΔP (Pa) and flow rate ΔQ (m 3 /s): (1) where μ f is the viscosity of fluid (Pa.s) and w is the fault width (m). In a parametric analysis, we find values of hydraulic aperture that minimize the misfit between model predictions and observed pressure and flow rate histories at the injection point. The permeability is then defined from the best fit value of hydraulic aperture. Thus, this experiment offers ideal conditions to evaluate how fault permeability evolves with accumulated displacements, both during aseismic deformation and seismic activity, and to constrain further hydromechanical modeling analyses of fault slip (see section 4).
Observation of Fault Permeability Enhancement During Fluid Injection Experiments
Observations showed a complex interplay between fluid pressure, fault deformation, and fault permeability change. showed that the increase in fluid pressure induces fault opening and aseismic slip at the injection. The seismicity is then triggered indirectly at a distance from injection by stress transfer associated with propagating aseismic slip. Duboeuf et al. (2017) confirmed this mechanism in a series of 11 injection experiments at the same site. In these experiments, seismic events were located between 1 and 12 m from the injection points where the measured fault slip is aseismic. Then, found a 14-fold increase of the fault permeability from 0.07 to 1.0 × 10 . Hence, these detailed observations of fault permeability enhancement during fault activation highlight that the evolution of fault hydraulic parameters is essential to understand the growth of slip during fluid injection. Clearly, the increase in fluid pressure induces fault opening and slip that cause permeability changes. Then, the different modes of fault permeability changes seem to influence the slip behavior.
Hydromechanical Modeling of Fault Slip by Fluid Injection

Model Setup
To investigate the effect of fault permeability enhancement on the growth of aseismic slip during fluid injection, we use the 3DEC code (Itasca Consulting Group, 2016), a distinct element method (Cundall, 1988) , to simulate the interaction between fluid flow and fault slip evolution, including hydromechanical coupling, effective stress, and friction laws (Text S1 in the supporting information). The model uses the cubic law (1) to describe the coupling between the fluid pressure diffusion and the permeability change caused by the normal displacement of the fault (Witherspoon et al., 1980) . The hydraulic aperture (b h ) can vary (1) as a function of the change in effective normal stress (Δσ n ′ = Δσ n + ΔP, with σ n is the total normal stress) and (2) as a function of dilation caused by shear slip (b hs = Δu s · tanψ) along a planar fault (i.e., no roughness): (2) where b ho (m) is the initial aperture at zero normal stress, k n is the fault normal stiffness (Pa/m), u s (m) is the shear slip, and ψ is the dilation angle (°).
The method has been previously used to evaluate the hydromechanical behavior of fractured rocks and fault zones during fluid pressurization (Cappa et al., 2006; Guglielmi et al., 2008) , showing that the evolution of fault hydraulic diffusivity is a fully coupled problem depending on stress and fluid pressure .
We select a simplified yet representative 2-D model (200 m × 50 m) that considers fluid injection into a horizontal flat fault in a homogeneous elastic and impervious medium (Figure 2a) . The remote normal (σ n ) and shear stress (τ) resolved on the fault plane are constant. During injection, the fluid pressure in the fault is increased step by step in 0.5-MPa increments every 150 s. Injection occurs in a point source (Figure 2a ) in order to reproduce a loading path consistent with the in situ data presented in Figure 1 . The total time of injection is 1,050 s. We focus on the period of largest increase of fault permeability observed in the in situ experiment (Figure 1b) . For numerical accuracy, the mesh size is refined along the fault (0.15 m) and gradually increases to 0.5 m in the direction normal to the fault toward model boundaries.
The initial values of normal stress (σ no = 4.25 MPa) and fluid pressure (p o = 0 MPa) in the fault represent the conditions of the in situ experiment (Duboeuf et al., 2017; . We used two different values of shear stress (τ o = 1.65 and 2 MPa) to have different levels of fault criticality to failure, τ o /σ no = 0.388 and 0.47, respectively. We also tested different factors of permeability changes with fault displacements (k/k o = 1, 10, 20, 30, 40, 50, and 60) . Thus, the permeability can vary between a prescribed initial value (k o ) and a capped maximum value (k). The effect of shearinduced dilation (b hs ) was investigated for different values of dilation angle (ψ = 0 to 2.5°). The fault hydraulic properties and the rock elastic properties were taken from previous studies on the same fault zone (Derode et al., 2015; . The initial hydraulic aperture is assumed to be 9.15 μm (i.e., k o = 7 × 10 −12 m 2 ). Rock elastic properties are K = 20 GPa for the bulk modulus and G = 9 GPa for the shear modulus (Jeanne et al., 2012 ).
Here we model a slow aseismic slip either with constant friction or rate-andstate friction (Marone, 1998) . In our simulations, the slip is aseismic because the maximum slip velocity along the fault (~0.45 mm/s) is below a typical threshold of dynamic (i.e., seismic) slip velocity (5 mm/s to 0.1 m/s; Gischig, 2015; McClure & Horne, 2011) defined by the rock elastic properties and the fault frictional properties (Rubin & Ampuero, 2005) . Slip initiates based on the Mohr-Coulomb failure criterion (τ = μ · σ n ′, where τ is the shear stress at which slip initiates and μ is the friction coefficient; Jaeger & Cook, 1979) . When fault slips, the slip velocity (v) dependence of friction is defined using the Dieterich type evolution equation (Dieterich, 1979; Marone, 1998) :
We use the following frictional parameters, μ o = 0.6, (a-b) = −0.002, and d c = 10 μm. These values fall within the range of frictional parameters measured in laboratory tests on fault samples collected in carbonate rocks (Carpenter et al., 2014 (Carpenter et al., , 2016 . μ o is the friction coefficient at a reference slip velocity (v o ). The parameter a quantifies the direct effect of a change in slip velocity. The parameter b describes the effect of the state variable (here we use the "aging law"; Dieterich, 1979) . The characteristic slip distance, d c , governs the evolution of the state variable (θ). For fault models with constant friction, we assume a static value (μ s ) of 0.6.
Modeling Results
Figures 2c and 2d show how the development of the fluid pressure along the fault varies as a function of the permeability enhancement factor and the associated hydraulic aperture. Models indicate that the magnitude and distribution of the steady state overpressure as well as the size of the pressurized area depend strongly on the permeability change. For a constant permeability model (case k/k o = 1), the pressure perturbation is poorly pronounced. The highest pressure and sharpest pressure gradients are located close to the injection. For models with changing permeability during slip, the size of the pressurized zone grows significantly with the fault permeability enhancement. Models show that the higher the permeability increase, the greater is the pressurized area (Figure 2c ). The permeability increase is higher near the injection and decreases at larger distances (Figure 2d) . We define the pressurized length of the fault as the distance from the injection to the limit of the pressurized zone where the fluid pressure is zero (this distance is then normalized by the fault length). Given the applied injection pressure and the resulting calculated fault deformation, the pressurized length reaches a maximum normalized value of 0.2635.
Our model results also indicate that the permeability evolution affects both the maximum diffusion length and the size of the slip zone (Figures 3a and  3b) . The extent of the slip zone is defined as the distance between the injection and the limit of the slipping patch where the slip is zero. Figures 3a  and 3b suggest that the larger the increase in fault permeability, the larger is the extent of the slip zone. When a sufficient portion of the fault is pressurized and weakened, fault slip accelerates (i.e., slow stick-slip, Figure  S1 in the supporting information), and a step-like increase in the length of the slip zone occurs. The most pronounced difference between the slip and pressure fronts occurs for the higher, more critical, initial stress ratio (τ o /σ no = 0.47). For this case, results highlight that all simulations including permeability changes (k/k o > 1) show that the growth of fault slip outpaces the growing fluid pressure front. For a less critical initial stress ratio (τ o /σ no = 0.388), results show that the growth of fault slip outpaces the growing fluid pressure front for permeability changes (k/k o ) greater than 10. For the highest permeability enhancement (k/k o = 60), the size of the slip zone is about 1.74 and 3.23 greater than the size of the pressurized zone, respectively, for initial stress ratios of 0.388 and 0.47 (Figure 4 ).
In Figures 3c and 3d , we compare the slip length as a function of the length of the pressurized zone for different stress ratio (τ o /σ no ) and different friction laws for the case with the highest permeability increase (k/k o = 60). We find that the growth of slip is affected both by the background stress and frictional weakening. For example, a fault with higher background stress (τ o /σ no = 0.47) can produce larger slip growth (Figure 3c ). The background stress affects both the timing of the slip front outpacing the fluid diffusion front and the subsequent size evolution of slip area (Figure 3d ). Reducing the shear stress delays the timing of the slip front outpacing the fluid diffusion front (734 s in Figure 3d ) and decreases the maximal size of slip area, whereas increased shear stress leads to earlier onset (471 s in Figure 3d ) and a larger slip zone. The effect of fault friction is also illustrated in Figures  3c and 3d . Fault frictional weakening using the rate-and-state friction law influences the temporal evolution of the slipping area and may produce larger ruptures. This is expected because friction weakening leads to reduced fault strength with sequences of accelerated and increased slip, while constant friction tends to stabilize fault strength resulting in less pronounced slip ( Figure S1 ).
The possible role that the fault dilatancy may play is investigated by testing different values of dilation angle (ψ = 0 or 2.5°). By comparison with the simulations neglecting the effect of shear-induced dilation (ψ = 0), results indicate that even a large dilation angle (ψ = 2.5°), which ensures strong coupling between fault slip and hydraulic aperture (Gischig, 2015) , has only a minor effect on the size of the pressurized and slip zones ( Figure S3 ). The results show that a large shear-induced dilation increases the hydraulic length only by 3% (case with τ o /σ no = 0.47) and the slip length by 1% compared to a case without shear-induced dilation. These results also show that the simulation outcomes are not very sensitive to the permeability dependence on shear slip, likely due to the high initial permeability, and that the permeability change is mainly controlled by the evolution of the effective normal stress.
In summary, the change in fault permeability and the initial stress state on the fault have an important impact on fault slip that can occur over a zone greater than the fluid-pressurized zone. In addition to the criticality of the fault, the size of the slip zone is also influenced by the size of the fault surface area affected by overpressure. The spatial extent of the largest slip increases with the spatial extent of the largest fluid pressure (Figure 4 ).
Discussion
Our results illustrate how the evolution of fault permeability may control the growth of aseismic slip relative to the fluid pressure diffusion. We show that the larger the fault permeability enhancement, the stronger is the growth of the aseismic slip zone. Indeed, our models with enhanced fault permeability show that the slip front significantly outpaces the fluid pressure diffusion (i.e., fluid pressure lags far behind rupture). Conversely, models with constant fault permeability fail to account for the fact that slip can grow beyond the fluid-pressurized patch. In this case, the slipping patch is slower or at the same rate than the diffusive growth of the pressurized zone. Through our investigations, we also find that aseismic slip initiates at the injection as a result of locally high fluid pressure, and then continues to develop within the pressurized zone and grow in a sustained manner beyond the pressure front. The slip causes local shear stress to increase, and because the strength of the fault can weaken with slip velocity, slip can propagate outside the pressurized zone without any further fluid pressure increase (Figures 4a-4d and S2) . Thus, beyond the pressure front, stress perturbation and changes in frictional strength become dominant, providing the necessary conditions to drive the slip a significant distance beyond the pressure front. Moreover, when the fault is initially stressed to strength level close to the frictional limit (i.e., critically stressed fault), the effect of permeability enhancement is more pronounced and a large slip zone is simulated. Although our study focuses on "aseismic" slip, our results are consistent with previous studies of slip on a pressurized fault that, in some conditions, the "seismic" rupture can propagate beyond the pressurized zone (Galis et al., 2017; Garagash & Germanovich, 2012; Gischig, 2015) . Although the criticality (τ o /σ no ) of the fault is the critical parameter to growth of slip (Galis et al., 2017; Gischig, 2015) , we showed that the permeability enhancement along a fault, which slips aseismically, is an additional effect that may help to amplify the effect of shear stress on faults optimally oriented for reactivation (i.e., critical stressed).
Implications and Concluding Remarks
The most general conclusion that can be drawn from our numerical models and experimental constraints of evolving fault permeability is that enhanced permeability favors the growth of aseismic slip beyond the pressurized area. The injection is local, but fault reactivation may propagate further. In our models, we observe two different mechanisms for fault activation: (1) Near the injection, where local fluid pressure is elevated, aseismic slip is mainly driven by the reduction of effective stress. The slip initiates when a sufficiently large fault patch is pressurized and weakened, which is significantly enhanced by the permeability increase with fault strain; (2) further away, in zones surrounding the pressure front, aseismic slip is driven by increased shear stress and frictional weakening (see Figures 4a-4d and S2). Indeed, failure in the pressurized fault patch increases the shear stress beyond the pressure front where the shear strength reduces as a function of the slip velocity. The reduction in fault strength is more pronounced in the pressurized zone than in the immediate surrounding region. These two distinct mechanisms may influence the rate of slip. In the pressurized zone, the effect of fault permeability enhancement is important during slow slip. It allows diffusing and homogenizing high fluid pressures over a large portion of the fault. When the slip rate accelerates, the influence of permeability diminishes. Consequently, fluid pressure diffusion is not given sufficient time to equilibrate and drain away excess fluid pressure.
Moreover, the modeled progressive change in fault permeability with increasing fault displacements implies that aseismic slip may occur at large distances from injection, consistent with fluid activated aseismic slip observed in field experiments (Rivet et al., 2016) and at geothermal sites (Cornet, 2016; Hillers et al., 2015; Wei et al., 2015) . Such fluid activated aseismic slip may then become a trigger mechanism for subsequent seismicity, as previously observed both in laboratory experiments (Goodfellow et al., 2015) and in small (i.e., meter) and large (i.e., kilometer) scale fluid injection experiments (Cornet, 2016; Wei et al., 2015) , as well as in modeling studies (Garagash & Germanovich, 2012) . Thus, complementary to the frequently proposed mechanisms of fluid pressure diffusion (Keranen et al., 2014) , poroelastic stressing (Goebel et al., 2017) , and earthquake interactions (Schoenball & Ellsworth, 2017) , aseismic slip may play a dominant role in triggering distant earthquake sequences beyond the targeted reservoir (e.g., Wei et al., 2015) and should be considered for seismic hazard assessment associated to fluid injection.
The fact that fluid-driven aseismic slip can develop beyond the zone immediately impacted by the injection has implications on the approaches for estimation of the maximum magnitude of injection-induced earthquakes. The most conventional methods assume that either the upper limit for seismic moment release is constrained by the pressure-induced stress change (deterministic approach of McGarr, 2014) or the ruptured area falls entirely within the pressurized volume (geometrical approach of Shapiro et al., 2011) . Because seismic moments can be accommodated by aseismic slip in and outside the pressurized zone, including the contribution of stress changes due to aseismic slip in these deterministic and geometrical approaches would be beneficial in the estimate of maximum plausible magnitude of injection-induced earthquakes, M max . Although it is difficult to distinguish between the aseismic and seismic regimes in data sets of observed induced seismicity, including the contribution of aseismic processes in the induced seismic hazard analyses through hydromechanical fault models would likely result in a lower maximum possible magnitude.
